Oligomerization is a general characteristic of cell membrane receptors that is shared by G protein-coupled receptors (GPCRs) together with their G protein partners. Recent studies of these complexes, both in vivo and in purified reconstituted forms, unequivocally support this contention for GPCRs, perhaps with only rare exceptions. As evidence has evolved from experimental cell lines to more relevant in vivo studies and from indirect biophysical approaches to well defined isolated complexes of dimeric receptors alone and complexed with G proteins, there is an expectation that the structural basis of oligomerization and the functional consequences for membrane signaling will be elucidated. Oligomerization of cell membrane receptors is fully supported by both thermodynamic calculations and the selectivity and duration of signaling required to reach targets located in various cellular compartments.
Historical perspectives of G protein-coupled receptor (GPCR) organization
Like other membrane receptors, G protein-coupled receptors (GPCRs) exist in various oligomeric forms. Monomers, dimers and higher-order oligomers of GPCRs are assembled into stable and transient homo-oligomeric and hetero-oligomeric macromolecular structures that can accommodate up to 500 receptors. Encoded by about 800 genes in the human genome, GPCRs constitute a crucial set of seven-transmembrane-spanning proteins involved in nearly all physiological processes from sensory transduction to hormonal signaling. GPCRs are traditionally grouped into five major sub-family types based on conserved primary sequences and overall topology [1] . Activation of a GPCR triggers coupling with heterotrimeric GTP-binding proteins (G proteins), which promotes further downstream signaling [2, 3] . Loose association of these different proteins can even take place before GPCR activation. Despite the high quality of original data concerning the oligomerization of GPCRs and G proteins [3] , including disulfide-linked metabotropic glutamate receptor 5 dimers [4] , it was long thought that GPCRs exist as monomeric units that undergo a large 10-15 Å conformational change upon activation before specifically coupling via intracellular loops to G proteins [5] . Several undisputed observations, illustrated by studies of the retinal photoreceptor GPCR rhodopsin, indicated that a single photon that activated just one out of 10 8 receptor molecules could produce a reliable electrophysiological signal that was transmitted to secondary neurons [6] . Moreover, theoretical models indicated that proper signaling requires monomeric and mobile receptors. However, the idea of unrestricted mobility of rhodopsin was decisively laid to rest recently by more precise experiments [7] . Interestingly, activation of one rhodopsin molecule can trigger 'high-gain' phosphorylation by a receptor kinase, wherein many un-illuminated rhodopsin molecules become phosphorylated [8] . Further support comes from 2D crystals of rhodopsin, which form a two-dimensional lattice [9] , indicating a preference of this receptor for high-density packing similar to that seen in photoreceptors [10, 11] . Additionally, many other features of GPCR signaling have emerged that argue against strictly monomeric GPCR signaling in vivo. One subtle observation is that the structures of GPCRs and G proteins are highly homologous, which implies strongly that the mechanisms of activation are likely to be conserved among this family of receptors and their intrinsic coupling proteins. Significantly, fluorescent and bioluminescence energy transfer experiments in experimental cell lines also indicate dimerization or oligimerization for multiple membrane-bound GPCRs [12, 13] .
The eminent German thinker Arthur Schopenhauer (1788 -1860) wrote with philosophical clarity that all truth passes through three stages. First, it is ridiculed. Second, it is violently opposed. Third, it is accepted as being self-evident. These observations aptly apply to GPCRs: an understanding of their oligomerization has evoked much passion and continuing investigation. We are now in an era in which oligomerization of biologically relevant GPCRs and the importance of this phenomenon is rapidly becoming 'self evident'. Even so, solid experimental evidence obtained by multiple approaches must prevail before a scientific concept can be widely accepted.
The last decade has provided significant findings that make rethinking the role of dimerization/oligomerization mandatory for all researchers in the field of GPCR signaling. Here, because of space limitations, I summarize some recent scientific contributions that inspire me most. The focus is on crucial results achieved by direct highresolution methods and experimental findings obtained under physiological conditions. Progress in this field is so rapid that some statements in this review will undoubtedly require modification in the near future.
Imaging of GPCR clustering
The most direct approach to the oligomerization issue would be to observe clustering of GPCRs in native biological tissues directly by sensitive methods at sufficient resolution. This strategy successfully revealed cone pig-ments (rhodopsin homologs) in photoreceptor cells by X-ray diffraction. Corless and colleagues found that membranebound crystals form in cone cells when frog retinas are exposed to light [14] . Atomic force microscopy (AFM) revealed paracrystalline patches within carefully isolated fresh disks from photoreceptors of mouse retina, wherein the building blocks consisted of rhodopsin dimers [10, 11] . A symmetrical organization of rhodopsin has been imaged by electron microscopy [15, 16] and confirmed by various biochemical methods [17] . Pezacki and colleagues, using nearfield scanning optical microscopy of cardiac myocytes in situ, found nanoscale multiprotein complexes called signalosomes that contained a high density of b-adrenergic receptors that were most abundant in caveolae (Latin: little caves) [18] . These invaginations are about 1000 Å across, and can accommodate a maximum of about 30 Â 30 GPCRs because the area occupied by a single GPCR on the G protein-interacting surface is $1500 Å 2 . Although these imaging techniques are not accessible by all laboratories, their use for observing these structures in their natural environment is of paramount importance.
Functional evidence of GPCR oligomerization in vivo
A large number of direct binding assays indicating negative or positive cooperativity suggest clustering of GPCRs and/or G proteins; however, the reproducibility and interpretation of the data varied among laboratories. Although this approach clearly advanced the field, it was hardly free of over-interpretation [12, 13] . Help in resolving the function of oligomerization arrived in the form of an absolute requirement for some receptors to heterodimerize. These include g-aminobutyric acid (GABA) receptors [19] [20] [21] , and the taste receptors umami (T1R1 + T1R3), sweet (T1R2 + T1R3) and bitter consisting of about 30 different types [22] . The crystal structure of the extracellular ligand-binding region of metabotropic glutamate receptors (mGluR1) displayed disulfide-linked homodimers in active and resting conformations modulated through the dimeric interface [23] . It was speculated that movements of four domains in the dimer lead to activation of the receptors sensed at intracellular regions [24] .
Rather than using a quicker approach with experimental cell lines, Rivero-Mü ller et al. took a more definitive step toward demonstrating a requirement for oligomerization of family A (rhodopsin-like) GPCRs by using timeconsuming, labor-intensive and expensive experiments involving transgenic mice to set a new standard for the field [25] . In this elegant study, the mouse luteinizing hormone receptor (LHR) served as a model GPCR, and the authors demonstrated that transgenic mice co-expressing binding-deficient and signaling-deficient forms of LHR could re-establish normal LH actions through intermolecular functional complementation of the mutant receptors in the absence of functional wild-type receptors ( Figure 1 ). These results provide the clearest in vivo evidence for the physiological relevance of intermolecular functional cooperation in GPCR homodimerization. Hopefully, this and complementary approaches will inspire similar experiments that will provide additional insights into the physiological roles of GPCR oligomerization. Because a large portion of the LHR sequence was removed to create the signaling null mutant of this receptor, one concern might be the integrity of the structure of the assembled protein that results when two trans-helical segments are missing. A counter point can be made that fragments of a GPCR can fold properly, as demonstrated for rhodopsin by Ridge and colleagues [26] . Perhaps future experiments will be designed wherein more subtle changes Figure 1 . In vivo dimerization of LHR. The drawing depicts intermolecular cooperation of two molecules of the receptor. In wild type (WT) mice (i), a signal is generated when hormone binds to the receptor and animals undergo normal gonadogenesis and are fertile. Mice with a knockout of the gene encoding LHR, or transgenic mice expressing a mutant LHR that cannot signal through G proteins because one of the transmembrane helices and two loops (residues 553-689) (ii) were eliminated, developed hypogonadism and sterility. Similarly, transgenic mice lacking the ability to bind luteinizing hormone because of mutations affecting the ectodomain (iii) also developed hypogonadism and sterility. However, when the binding-and signaling-deficient LHR mutants were cross-bred (iv), their offspring displayed partially restored signaling and were fertile. (Figure based on Ref. [25] ).
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Biochemical and structural evidence of GPCR oligomerization Arguably, crystallographic studies can provide additional evidence for the propensity of GPCRs to oligomerize. Rhodopsin oligomerizes in a non-physiological anti-parallel orientation in crystals [27] , but can realign appropriately under different conditions [28] . Thus, different solvents used for crystallization of these receptors can influence the orientation of monomers and their assembly. Oligomers were found in crystals of engineered human b 2 -adrenergic receptor [29] and an engineered human A2A adenosine receptor [30] . Obviously, crystallization per se brings proteins close together to form a crystal lattice, but the special orientation of monomeric units in the above cases cannot be ignored because of their crystalline 2D orientation in experimental membranes [9] . In addition, crystal structures of extracellular domains clearly demonstrate dimerization that likely extends over the entire length of the receptor [23, 31] . These studies contrast with others demonstrating the ability of monomeric GPCRs to activate G proteins. Such activation was observed within highdensity lipoprotein particles (nano-discs) for several receptors including the b 2 -adrenergic receptor [32] and rhodopsin [33, 34] (Fig. 2A) . However, if such monomeric units do not, or rarely, exist in vivo, the main value of these experiments is the demonstration that activation determinants are present in GPCR monomers. Indeed, it is possible to over-interpret these results because they are similar to those obtained by using several peptides for in vitro activation of heterotrimeric G proteins. By contrast, the dimer function can be visualized by fluorescence protein-fragment complementation, in which, for example, green fluorescent protein is split and each fragment is fused separately to a GPCR. Fluorescence would not emanate from the individual fragments, but two GPCRs come together to form a fluorescent product. Typically, the fluorescence background is very low and non-interacting receptors can be used as controls. This elegant approach was used to demonstrate that one G protein interacts with two [28] . Helices are colored according to their primary sequence: helix-I, blue; helix-II, blue-green; helix-III, green; helix-IV, lime-green; helix-V, yellow; helix-VI, orange; helix-VII, red; cytoplasmic helix-8, purple. (ii) The cytoplasmic surface of the dimeric photoactivated rhodopsin in the crystal is shown. (b) A schematic representation of the complex between photoactivated rhodopsin and Gt. Light illumination triggers structural changes in rhodopsin and promotes binding of Gt to the photoactivated rhodopsin/rhodopsin dimer. Activation of one rhodopsin subunit in the dimer is enough to induce Gt association, which stimulates GDP (green) release from the Gt nucleotide-binding pocket. This results in formation of the photoactivated rhodopsinGt e complex with a free nucleotide-binding pocket. However, loading of GTP (not shown) causes complex dissociation. Photoactivated rhodopsin-Gt e is amenable to ligand removal (all-trans-retinylidene chromophore depicted as a yellow structure of free all-trans-retinal) without dissociation of this complex exemplified by the empty chromophore-binding pocket and an empty nucleotide-binding pocket in opsin-Gt e . The opsin-Gt e complex can be regenerated with 11-cis-retinylidene (red) resulting in the Rho-Gt e complex without Gt dissociation. Only GTP breaks this complex once it is formed, suggesting high plasticity of the activated receptor and a complex that, once formed, becomes independent of the activating ligand.
Trends in Biochemical Sciences Vol. 35 No.11 GPCRs [35] . It would be timely to see this technique used in transgenic mice. Indeed, when combined with fluorescent tagging and deeply penetrating techniques of twophoton microscopy, the life cycle of GPCRs could potentially be monitored in the truly physiological setting of a transgenic mouse.
Biochemical experiments have revealed other important findings relevant to GPCR oligomerization. For example, in detergent extracts, GPCRs can come together in the presence of lipids [36] . Biochemical data suggest another important property of GPCR oligomerization; namely, that the two monomers comprising a GPCR dimer could be non-equivalent thereby allowing more refined regulation of GPCR activity [37, 38] . If this observation holds true under in vivo conditions, as it does for subfamily C GPCRs, it would indicate maximal GPCR signaling generated by single occupancy of a GPCR dimer with a full agonist at low to intermediate concentrations, lower signaling conferred by double occupancy of the dimer with the same agonist, and basal signaling activity in the absence of agonist. The complexity of the functional consequences of GPCR oligomerization was revealed recently based on elegant crystallographic studies of the extracellular domain of the parathyroid hormone receptor (PTH1R), a class B GPCR. The results indicate that PTH1R forms constitutive dimers that are dissociated by ligand binding and that monomeric PTH1R is capable of activating G proteins [36] . The activity of this GPCR stands at odds with other receptors; thus, physiological evaluation of this mechanism will be essential.
Biochemical isolation of GPCR-G protein complexes
Ultimately, we must determine the structure of the fully activated receptor-G protein complex. Is it the receptor dimer with one monomer occupied by agonist? Is there an assembly of different conformations that would allow flexibility of GPCRs poised to pair with G proteins? How does a G protein affect the structure of a GPCR? Perhaps much to the surprise of those not investigating GPCR signaling directly, very little preliminary work has been done to characterize GPCR-G protein complexes, and most of this has concerned G protein activation readout, G protein association with membranes, immobilized receptors and similar topics. It was not until Jastrzebska developed several methods of reconstituting and assembling the G protein transducin with photoactivated rhodopsin in detergent solutions that several important observations emerged [39] : (i) the complex readily breaks apart into the individual a-and bg-subunits of transducin along with different forms of rhodopsin; (ii) heterogeneous reconstitution occurs, but at very low yields; (iii) the most stable and homogeneous complex was isolated from membranes by simple solubilization with dodecyl-b-maltoside, suggesting that the natural membrane environment is critical for proper complex formation; and (iv) once the complex between photoactivated rhodopsin-transducin is formed, the GDP nucleotide can dissociate from the G protein without disrupting the complex. The last finding agrees with several studies involving membranes, wherein the chromophore, all-trans-retinal, can be removed from opsin, which in turn can be regenerated with another 11-cis-retinal molecule without breaking the complex. Moreover, (v) the GTP nucleotide can dissociate from the G protein in these preformed complexes, suggesting the presence of a competent interface between receptor and G protein (Figure 2b) . Further progress will require crystallizing entire GPCR-G protein complexes and analyzing them by high-resolution methods.
Hetero-oligomerization of GPCRs
An interesting aspect of GPCR dimerization is that these receptors can form heterodimers as well as homodimers [40] , with many dimers displaying modified pharmacology [41] , altered responsiveness to viral entry through GPCRs [42] , or attenuated signaling [43] . The best known examples of heterodimer formation include the above-mentioned taste receptors and the GABA hetero-receptor complex, but many pairs of co-expressed GPCRs reciprocally modulate each other's function, pharmacology and cellular biology. Therefore, it is apparent that the oligomeric potential of GPCRs allows further diversification of their repertoire as a result of more complex ligand-receptor relationships than envisioned for monomeric receptors (Figure 3 ). Such heterodimerization has the potential to explain the pharmacological complexity observed in a number of cases involving native tissues derived from different organs, where one GPCR signals and the second forms a platform for G protein docking [24, 44] . Salim et al. have demonstrated clearly that many family A GPCRs have a propensity to form oligomers in co-transfected experimental cell lines [45] . Therefore, it will be crucial to further investigate such heterodimerization under more physiological conditions, in cells in which they are endogenously expressed. Like many other issues in science, reproducibility by independent laboratories is important. Filizola has developed and organized a database that can be very useful in disseminating information about homodimerization and heterodimerization of GPCRs [46] .
Theoretical and thermodynamic considerations about GPCR oligomerization
Considering the massive number of GPCRs within many different species, direct approaches will not soon yield a molecular understanding of exactly how high-resolution experimental 3D models might be organized within membranes. But sophisticated computational approaches and molecular dynamic methods will play a vital role in generating new hypotheses and structural models that can be tested experimentally on a selective basis. The dynamics of these systems can also be approximated by computational methods [44, 47] . For example, we described how a G protein might dock onto an oligomeric GPCR, providing a mechanistically testable idea of how signal transduction involving these crucially important proteins occurs [44] .
Many GPCRs demonstrably have the propensity to selfassemble by forming dimers or higher-order oligomers. These membrane proteins can form specific homo-and hetero-oligomers because they have an intrinsic affinity for each other and because the energetically favorable exposure of ionizable residues to phospholipids promotes their oligomerization. We calculated that such aggregation would be prevented only if the thermal energy (0.8-1 kcal/ mol at physiological temperatures) exceeded the energetic Opinion Trends in Biochemical Sciences Vol. 35 No.11 gain resulting from association [48] . It is also important to remember that movement of membrane proteins is restricted in a more or less 2D environment. Such a restriction could be further amplified by the presence of caveolae and other membrane structures as well as by specific and non-specific phospholipid interactions. Considering all these factors, association of membrane proteins would be enhanced by orders of magnitude relative to soluble proteins because of the reduced freedom of movement conferred by the cellular membrane. GPCRs do not need to associate permanently [49] ; they need only to form transient higher-order structures for sufficient time to allow G protein coupling. Indeed, monomeric GPCRs and other membrane proteins cannot move freely without continuous exposure to energetic traps that involve transient or stable oligomerization/association. Clustered receptors would also act like a trap to retain agonist and induce activation, especially at very low concentrations of agonist. Rapid rebinding of dissociated ligand with multiple activations would ensure that signaling is propagated. Calculations from studies in an experimental cell line indicate that the mean life-time of an M1 muscarinic acetylcholine receptor dimer is 0.5 s [50] . (For further reading about the transient nature of GPCR oligomerization, see Ref. [51] ).
Concluding remarks and future perspectives
It is fascinating to consider how the GPCR field has expanded since the seminal discoveries by Rodbell and Gilman [2, 3] . Tedious cloning of one receptor at a time was quickly replaced by massive genome-wide sequencing of GPCRs and G proteins from many organisms. The availability of animal models with naturally occurring mutations and the generation of mice with specific genetic defects now allows biochemical assays to be performed within discrete pathophysiological frameworks. New high-resolution imaging methods have opened up the possibility of studying the molecular events of signal transduction in physiological settings, and structural methods are continuously improving, allowing the acquisition of atomic information about the 'hard to over-estimate group' of enzymes, receptors and modulating proteins engaged in GPCR signaling. However, several important problems that can be addressed in the very near future, include:
Solving the structures of unmodified, non-rhodopsin GPCRs. Structural information gained from current GPCRs can be used to design both novel orthologs that occupy agonist binding sites and allosteric ligands that influence these sites indirectly.
Solving, at least at low resolution, the structure of a GPCR-G protein complex. This low-resolution achievement will allow well characterized high-quality material to be prepared for high-resolution crystallization methods. Solving the complex structure is essential for understanding the agonist-activated structures.
Studying GPCR oligomerization in vivo by using transgenic animal models. Work in experimental cell lines can generate initial possible models, but final proof requires systems located in their proper physiological environment.
Determining the impact of oligomerization on GPCR-G protein complex function so that computational methods can be used to generate initial hypotheses focused on understanding appropriate experimental systems. Theoretical estimates affecting issues such as stability and reorganization must be considered experimentally.
Improving in vivo imaging methods constitutes a high priority so that biochemistry can be observed in physiological settings at a sub-cellular level or an individual protein level. Such methods could be applied almost immediately in tadpoles and zebrafish, at least for studying rhodopsin signaling in combination with multi-photon microscopy.
The functional consequences of GPCR oligomerization should also be considered in a broader context than ligand binding and G protein signaling because cell biological events are more complex than those simply emanating from receptor activation, desensitization and recycling. Oligomerization could affect the efficacy and rates of these events. High-quality research geared toward answering these important biological questions would be highly desirable. So, let's get to work. . .
